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ABSTRACT:
In anisotropic materials, the electrical and atomic transport along the weak interaction direction is usually much slower than that along the chemical bond direction. However, Te, an important semiconductor comprised of helical atomic chains, exhibits nearly isotropic electrical transport between intra-chain and inter-chain directions. Using first-principles calculations to study the bulk and few-layer Te, we show that this isotropy is related with similar effective mass and potential for charge carriers along different transport directions, benefiting from the delocalization of the lone-pair electrons. This delocalization also enhances the inter-chain binding, although it is still significantly weaker than the covalent intra-chain bonding. Moreover, we find a fast diffusion of vacancies and interstitial atoms along and across the chains, enabling rapid self-healing of these defects at room temperature. Interestingly, the interstitial atoms diffuse along the chain via a concerted-rotation mechanism. Our work reveals the unconventional properties underlying the superior performance of Te, while providing insight into the transport in anisotropic materials. Two-dimensional (2D) materials, such as graphene, MoS 2 , black phosphorus and hexagonal boron nitride, show great promise for many applications, including electronics, optoelectronics, energy conversion, and energy storage 1 . Recently, few-layer Te joins the family of 2D materials [2] [3] [4] [5] [6] [7] . It exhibits air-stable transistor performance comparable or superior to other 2D materials 7 , making Te attractive for nanoelectronics. Bulk Te exhibits interesting topological properties, such as transition from a trivial insulator to strong topological insulator (metal) under shear (hydrostatic or uniaxial) strain 8 , and presence of Weyl nodes 9, 10 . Te consists of helical -Te-Te-Te-chains arranged parallel in a trigonal lattice. The intra-chain distance between neighboring Te atoms is 2.9 Å, while the inter-chain distance is 3.5 Å. Therefore, it has been assumed that the interaction along the chain is strong and covalent, while between the chains is weak. Some papers claim that the inter-chain interaction is van der Waals (vdW) type 5, 8, [11] [12] [13] [14] [15] [16] [17] . In anisotropic materials, the transport along weak interaction direction is usually much slower than that along chemical bond directions. For example, the electrical resistivity across the MoS 2 (or graphite) layers is ~ 10 2 (or 10 3 ) higher than that along the layer 18, 19 . Hence, one would expect a similarly slower charge transport across the Te chains than that along the chain. However, experiments have shown that the electrical conductance along the chain is only ~ 1.13 (for few layer 7 ) or 1.41 ± 0.11 (for bulk 20 ) times higher than that across the chains. This surprising behavior calls for a deeper understanding on the nature of the inter-chain interaction and the transport properties.
Here we perform first-principles calculations using the Vienna Ab-initio Simulation Package (VASP) 21, 22 with projector augmented wave (PAW) pseudopotentials 23, 24 . The Perdew-BurkeErnzerhof (PBE) exchange-correlation functional 25 is used to relax the systems, and obtain the positions of band edges and the effective masses. The HSE functional 26 is used to extract more accurate values of band gaps and band edge energies. When calculating the binding/exfoliation energy, we also include the empirical D3 correction 27 to account for London Dispersion interactions that are not included in PBE. More details can be found in the Supporting Information (SI).
We first study few-layer Te, which is more technologically important for nanoelectronics than the bulk material. Few-layer Te is terminated by the lowest energy surfaces 10-10, 7 which has a rectangular primitive cell. Fig. 1a shows the atomic structure of a 4-layer Te as an example, where the y direction is along the chain (helical axis), and the x is normal to chain and parallel to the surface. The distances between Te atoms decrease as the material becomes thinner (see Table S1 for lattice parameters of few-layer Te with different thickness). Specifically, the intra-chain and inter-chain distances are 2.9 Å and 3.51 Å (anisotropy ratio: 1.21) in the bulk, and shrink to 2.87 and 3.37 (1.17) in the bilayer, then to 2.78 and 3.04 (1.09) in monolayer. This abrupt reduction of the distances in monolayer Te indicates a significant structural reconstruction, and the small anisotropy ratio suggests the formation of strong covalency in the inter-chain interactions (see Fig. S1 ; the same structure has been reported in other papers [2] [3] [4] ). The origin of this reconstruction and its impact on the electronic properties will be discussed below.
2 The indirect nature of the band gap is also observed in other multi-layers. As shown in Fig. 2a , the positions of VBM and CBM change linearly as a function of 1/n or 1/d, where n is the number of layers, and d is the thickness which can be related by using the "thickness" of Te layer in the bulk: d = n*3.91 Å. The slope and intercept are listed in Fig. 2 . The slope is a measure of the change of the properties with thickness, and the intercept is relevant for the bulk material. The band gap (calculated using the HSE functional) decreases as thickness increases, also following a linear relation with 1/n or 1/d, and becomes 0.4 eV for infinitelythick (bulk) Te, close to the experimental value 0.35 eV 28 . The VBM/CBM energy (calculated using the HSE functional) also decreases/increases linearly with 1/n or 1/d, as shown in 19 , which suggests a lower Schottky barrier for hole injection than for electron [29] [30] [31] . This could be one reason why Te is p-type 7 . The effective masses of electrons and holes transporting across the chains (m e-x and m h-x ) increases linearly with 1/n or 1/d. The extrapolated value of m h-x for bulk Te is 0.07 m 0 , close to the experimental value 0.108 m 0 . 28 It is interesting that the electrons transporting along the chain are heavier than those across the chains (i.e. m e-y > m e-x ). Although m h-y < m h-x for n < 6, they quickly approach each other, and reverse the order for thick samples and bulk Te 28 . Overall, the m h and m h of few-layer Te are comparable or even smaller than common 2D semiconductors (MoS 2 : ~ 0.5 m 0 , 32 black phosphorus: ~0.1 m 0 33 ), which is one reason for its high performance observed experimentally. These linear trends can be used to estimate the electronic properties of Te at given thickness. However, the monolayer Te does not fall into these trends. It has a direct band gap of 1.34 eV located at Γ point, significantly different from the extrapolated value 2 eV. Similarly, the VBM and CBM energies (-5 and -3.66 eV), and effective masses (m e-y : 0.76 m 0 ; m e-x : 0.15; m h-y : 0.3; m hx : 0.11), also differ substantially from the linear extrapolations. These deviations can be attributed to the significant structural reconstruction mentioned above. We point out that the monolayer Te has several polymorphs, which have been studied in other work 2, 4 .
In addition to the similarity of effective masses along different directions in few-layer and bulk Te, we find that the potential distribution is also nearly-isotropic, which is in sharp contrast with common vdW materials. Fig. 3a plots the exchangecorrelation potential in bulk Te, plotted along or normal to the chain/layer. The oscillations along different directions have similar amplitude. In contrast, common vdW materials, such as MoS 2 , have much stronger oscillation along the vdW direction (perpendicular to the layer) than along the chemical bonds (Fig. 3b) . This indicates that the charge carriers in Te experience a more isotropic potential during transport than those in common vdW materials. This sharp difference motivates us to investigate the nature of the inter-chain interaction. Fig. 3c inset shows the charge density redistribution when Te chains are bound together. The lone-pair electrons are delocalized by depleting the density in their original positions and enhancing the density in the inter-chain region, which adds "metallic" bonding character into the inter-chain interaction. The delocalization of Te lone-pair electrons lowers the effective mass and changes the potential in the inter-chain region, and hence enhances the transport across the chains. This delocalization can be explained by the relatively weak nucleus attraction compared with other elements in the same group before Te (i.e., O, S, and Se). The nucleus attraction becomes weaker when moving down the periodic table, which makes the element after Te, i.e. Po, a metal with completely delocalized electrons.
The delocalization of Te lone-pair electrons also enhances the inter-chain interaction. We calculate the inter-chain/layer binding energy (Fig. 3c) as:
E bind = (E chain/layer -E bulk ) / n atom . where E bulk is the energy of the bulk material, E chain/layer is the energy of isolated chain/layer (which can be fixed to the same atomic coordinates as in the bulk, or fully relaxed), and n atom is the number of atoms. It is well known that the PBE functional does not describe well the vdW interaction, and gives an underestimated value ~< 0.01 eV/atom for common vdW materials (MoS 2 , black phosphorus, graphene, and hexagonal boron nitride). However, PBE predicts a large E bind , 0.07 (relaxed) − 0.11 (fixed) eV/atom for Te layer, and 0.16 − 0.24 eV/atom for Te chain. The underestimated vdW interaction in PBE calculation can be corrected by using D3 approach, which gives an E bind for Te chain/layer several times stronger than that in common vdW materials. Given that the E bind for chains and layers are compara-
only two chains. The reduction of coordination enhances the inter-chain binding in monolayer Te, resulting in a significant shortening of the inter-chain distance. Although the inter-chain interaction in bulk and multilayer Te is stronger than common vdW, it is still significantly weaker than the intra-chain bonding (2.34 eV/atom, calculated using PBE; see the SI for the Young's modulus).
Interestingly, although the E bind of Te is several times larger than that of common vdW materials, the exfoliation energy, which is the interlayer binding energy normalized by the surface area, is comparable (Fig. 3d): 1.1-1.2 than MoS 2 , 0.99 of black phosphorus, 1.7-1.9 than graphene, and 1.9-2.1 than hexagonal boron nitride. This is because of the low density of atoms per surface area in Te, being 0.31-0.45 of the others. The comparable exfoliation energy suggests that the Te can be exfoliated into thin layers like common vdW materials, despite its different binding nature.
We also find a fast atomic transport across the chains, such as diffusion of vacancies and interstitial atoms. As shown in Fig. 4 , when the vacancy (or a counter-atom) hops from one chain to another, the counter-atom in the inter-chain region forms a bond with one chain (bond length 2.88 Å, similar to that in the perfect material 2.9 Å), and is further coupled with the atom from other layer with a distance of only 3.15 Å. These effects help stabilize the transition state, leading to a low barrier E b ~ 0.7 eV. In contrast, the vacancy diffusion across the layers in common vdW materials encounters a large E b (e.g., E b > 7 eV for graphite). This is because of the relatively strong inter-chain interaction in Te, which results in an inter-chain distance not far from the bonding length (3.51 vs 2.9, ratio: 1.21). Therefore, the counter-atom can still form the bond or effectively couple with the chain even in the inter-chain region. However, in graphene, the interlayer distance is too large compared with the bond length of C (3.47 vs 1.43, ratio: 2.43), hence the diffusing atom in the interlayer region cannot form bonds or effectively couple with the layers, leading to a large E b . Similarly, when an interstitial atom hops from one chain to another, it also forms bonds/couples with the chains, thus the E b is low 0.77 eV. 
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Moreover, we find that atomic transport along the chain has an even lower barrier. As shown in Fig. 4 , for vacancy diffusion, the counter-atom stretches its original bond and forms a new bond with other atom at the transition state, giving an E b of 0.16 eV, lower than that of common vdW materials 34 . Interestingly, diffusion of the interstitial atom along the chain involves the concerted motion of three atoms, as labeled in Fig. 4 . At the initial state, the atom "2" can be viewed as the interstitial, which pushes the neighboring atom "1" away from its original position. At the transition state, the "1" restores its position, and pushes "2" and further "3" forward along the helix. At the final state, "3" is off its original position with "2" being the interstitial. When viewed along the chain, the diffusion looks like the collective rotation of the three atoms. The next periodic step would be "2" takes the original position of "3" and "3" becomes the new interstitial. During these processes, the coordination of atoms does not change (unlike diffusion in many other materials), hence the E b is rather low 0.04 eV.
The hopping rate w can be estimated by using ν*exp(-E b /k B T), where k B is the Boltzmann constant, T is the temperature, and ν is the vibration frequency typically ~ 10 13 per second. At room temperature, w = 1.7*10 10 and 2*10 12 s -1 for the vacancy and interstitial diffusion along the chain respectively. Thus these defects would quickly transport to the edges to reduce the energy by E f , which is the formation energy of the defect with respect to the bulk Te (0.73 eV for vacancy and 1.86 for interstitial). The diffusion across the chains is slower, w ~ 6.9 and 0.4 s -1 for the vacancy and interstitial respectively. These modes can be expedited by increasing the T. For example, at 400 K (note that the melting point is 723 K), w = 7.6*10 3 (vacancy) and 9.3*10 2 (interstitial). These modes are not available in common vdW materials due to the large E b as discussed early.
In summary, we show that the nearly isotropic electrical transport in chemically anisotropic Te is related with the similar effective mass and potential of charge carriers along different transport directions, benefiting from the delocalization of lonepair electrons. This delocalization also enhances the inter-chain interaction, although it is still significantly weaker than the intrachain bonding. We also find a fast transport of vacancies and interstitial atoms across the Te chains, which together with the fast intra-chain transport, enable a rapid healing of these defects at room temperature. Moreover, a novel concerted-rotation mechanism is revealed for interstitial atoms diffusing along the chain. Our work reveals the unconventional properties underlying the superior performance of Te, and provides insight into the transport in anisotropic materials. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
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